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Introduction
The study of electric networks was formulated by Kirchhoff [5] more than 150 years ago as an instance of a linear analysis. Our starting point is along the same line by considering the Laplacian matrix associated with a network. The Laplacian is a matrix whose off-diagonal entries are the conductances connecting pairs of nodes. Just as in graph theory where everything about a graph is described by its adjacency matrix (whose elements is 1 if two vertices are connected and 0 otherwise), everything about an electric network is described by its Laplacian. Recently, the authors have given a method for calculation of the effective resistance on distance-regular networks [1] , where the calculation is based on stratification introduced in [6] and Stieltjes transform of the spectral distribution (Stieltjes function) associated with the network. Also, in Ref. [1] it has been shown that the resistances between a node α and all nodes β belonging to the same stratum with respect to the α (R αβ (i) , β belonging to the i-th stratum with respect to the α) are the same and the analytical formulas have been given for two-point resistances R αβ (i) , i = 1, 2, 3 in terms of the size of the network and corresponding intersection array without any need to know the spectrum of the pseudo inverse L −1 . In the next work [2] , the authors have used the algebraic structure of distance-regular networks (Bose-Mesner algebra) such as stratification and spectral techniques specially the well known ChristoffelDarboux identity [8] from the theory of orthogonal polynomials to give a recursive formula for calculation of all of the resistance distances R αβ (i) , i = 1, 2, ..., d (d is diameter of the network which is the same as the number of strata) on the network without any need to calculating the spectrum of the pseudo inverse of the Laplacian of the network denoted by L −1 . In this way they have shown that, the effective resistance strictly increases by increasing the shortest path distance defined on the network, i.e., R αβ (m+1) − R αβ (m) > 0 for all m = 1, 2, ..., d − 1. Here in this work, evaluation of effective resistances on more general networks called pseudo-distanceregular networks [3] or QD type networks [4] is investigated, where we use the stratification of these networks and show that the effective resistances between a given node such as α and all of the nodes β belonging to the same stratum with respect to α are the same. Then, based on the spectral techniques, an analytical formula for effective resistances R αβ (m) such that L −1
(those nodes α, β of the network such that the network is symmetric with respect to them)
is given in terms of the first and second orthogonal polynomials associated with the network.
Particularly, due to the fact that, in distance-regular networks we have L −1
ββ for all nodes α, β of the network, the effective resistances R αβ (m) for m = 1, 2, ..., d are calculated directly, by using the given formula.
The organization of the paper is as follows. In section 2, we give some preliminaries such as definitions related to graphs, their adjacency matrices, stratification of the graphs, pseudodistance-regular graphs and spectral distribution associated with the graphs. In section 3, an analytical formula for calculating the effective resistances in pseudo-distance-regular graphs as resistor networks is given in terms of the orthogonal polynomials of the first kind and second kind associated with the networks. The paper is ended with a brief conclusion and an appendix.
Preliminaries
In this section we give some preliminaries such as definitions related to graphs, corresponding stratification, pseudo-distance-regular graphs and spectral distribution techniques.
Graph and its adjacency matrix
In this section, we review the stratification of the graphs and the notion of pseudo-distanceregularity.
A graph is a pair Γ = (V, E), where V is a non-empty set and E is a subset of {(x, y) :
x, y ∈ V, x = y}. Elements of V and of E are called a vertex and an edge, respectively. Two vertices x, y ∈ V are called adjacent if (x, y) ∈ E, and in that case we write x ∼ y. For a graph Γ = (V, E), the adjacency matrix A is defined as
Conversely, for a non-empty set V , a graph structure is uniquely determined by such a matrix indexed by V .
The degree or valency of a vertex x ∈ V is defined by
where, | · | denotes the cardinality. The graph is called regular if the degree of all of the vertices be the same. In this paper, we will assume that graphs under discussion are regular. A finite sequence x 0 , x 1 , ..., x n ∈ V is called a walk of length n (or of n steps) if x i−1 ∼ x i for all i = 1, 2, ..., n. Let l 2 (V ) denote the Hilbert space of C-valued square-summable functions on V . With each β ∈ V we associate a vector |β such that the β-th entry of it is 1 and all of the other entries of it are zero. Then {|β : β ∈ V } becomes a complete orthonormal basis of l 2 (V ). The adjacency matrix is considered as an operator acting in l 2 (V ) in such a way that
stratification
For x = y let ∂(x, y) be the length of the shortest walk connecting x and y. By definition ∂(x, x) = 0 for all x ∈ V . The graph becomes a metric space with the distance function ∂.
Note that ∂(x, y) = 1 if and only if x ∼ y. We fix a point o ∈ V as an origin of the graph, called reference vertex. Then, the graph Γ is stratified into a disjoint union of strata:
Note that Γ i (o) = ∅ may occur for some i ≥ 1. In that case we have
With each stratum Γ i (o) we associate a unit vector in l 2 (V ) defined by
where, κ i = |Γ i (o)| is called the i-th valency of the graph (
The closed subspace of l 2 (V ) spanned by {|φ i } is denoted by Λ(Γ). Since {|φ i } becomes a complete orthonormal basis of Λ(Γ), we often write
Pseudo-distance-regular graphs
Given a vertex α ∈ V of a graph Γ, consider the stratification (2-4) with respect to α such that
Then, we say that Γ is pseudo-distance-regular around vertex α whenever for any β ∈ Γ k (α) and 0 ≤ k ≤ d, the numbers
do not depend on the considered vertex β ∈ Γ k (α), but only on the value of k. In such a case, we denote them by c k , a k and b k respectively. Then, the matrix
is called the (pseudo-)intersection array around vertex α of Γ. It is shown in Ref. [3] that this is a generalization of the concept of distance-regularity around a vertex (which in turn is a generalization of distance-regularity). It should be noticed that for regular graphs Γ (κ(β) = κ for all β ∈ V ), the numbers c k , a k and b k read as
where we tacitly understand that Γ −1 (α) = ∅ (see Fig. 1 ). The intersection numbers (2-9) and the valencies κ i = |Γ i (α)| satisfy the following obvious conditions
One should notice that, the definition of pseudo-distance regular graphs together with the Eq.(2-10), imply that in general, the valencies κ i ( the size of the i-th stratum) for i = 0, 1, ..., d
do not depend on the considered vertex β ∈ Γ k (α), but only on the value of k.
The notion of pseudo-distance regularity has a close relation with the concept of QD type graphs introduced by Obata [4] , such that for the adjacency matrices of this type of graphs, one can obtain a quantum decomposition associated with the stratification (2-4) as
where, the matrices A + , A − and A 0 are defined as follows: for β ∈ Γ k (α), we set
Or equivalently, for |k, β ,
It has been shown in Ref. [4] 
where
One can easily check that the coefficients α i and ω i are given by
By using (2-11) and (2-13), one can obtain
with β l := √ ω l . Then, by using (2-15), one can deduce that
l is a polynomial of degree l in indeterminate A and conversely A l can be written as a linear combination of P 0 (A), P 1 (A), ..., P d (A). In fact, it can be shown that [9] , the unit vectors |φ l for l = 0, 1, ..., d are the orthonormal basis produced by application of the orthonormalization process (Lanczos algorithm) to the so called Krylov basis {|φ 0 , A|φ 0 , A 2 |φ 0 , ..., A d |φ 0 } (for more details see for example [6] , [9] ).
Spectral distribution associated with the network
In this subsection we recall some facts about the spectral distribution associated with the adjacency matrix of the network. In fact, the spectral analysis of operators is an important issue in quantum mechanics, operator theory and mathematical physics [10, 11] . Since the advent of random matrix theory (RMT), there has been considerable interest in the statistical analysis of spectra [12, 13, 14] . Also, the two-point resistance has a probabilistic interpretation based on classical random walker walking on the network. Indeed, the connection between random walks and electric networks has been recognized for some time (see e.g. [15, 16, 17] ), where one can establish a connection between the electrical concepts of current and voltage and corresponding descriptive quantities of random walks regarded as finite state Markov chains (for more details see [18] ). Also, by adapting the random-walk dynamics and meanfield theory it has been studied that [19] , how the growth of a conducting network, such as electrical or electronic circuits, interferes with the current flow through the underlying evolving graphs. In Ref. [1] , it has been shown that, there is also connection between the mathematical techniques introduced in previous subsections and this subsection such as Hilbert space of the stratification and spectral techniques (which have been employed in [6, 7, 9, 20, 21] for investigating continuous time quantum walk on graphs), and electrical concept of resistance between two arbitrary nodes of regular networks, and so the same techniques can be used for calculating the resistance. Note that, although we take the spectral approach to define the effective resistance in terms of orthogonal polynomials (which are orthogonal with respect to the spectral distribution µ associated with the network) with three term recursion relations, in practice as it will be seen in section 3, the effective resistances will be calculated without any need to evaluate the spectral distribution µ.
It is well known that, for any pair (A, |φ 0 ) of a matrix A and a vector |φ 0 , it can be assigned a measure µ as follows
where E(x) = i |u i u i | is the operator of projection onto the eigenspace of A corresponding to eigenvalue x, i.e.,
It is easy to see that, for any polynomial P (A) we have
where for discrete spectrum the above integrals are replaced by summation. Therefore, using the relations (2-17) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , the expectation value of powers of adjacency matrix A over starting site |φ 0 can be written as
The existence of a spectral distribution satisfying ( Obviously relation (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) implies an isomorphism from the Hilbert space of the stratification onto the closed linear span of the orthogonal polynomials with respect to the measure µ. More clearly, the orthonormality of the unit vectors |φ i implies that
where, we have used the Eq. (2-16) to write |φ i = P i (A)|φ 0 . Now, by substituting (2-16) in (2-15), we get three term recursion relations between polynomials P j (A), which leads to the following three term recursion relations between polynomials P j (x)
for k = 0, ..., d − 1, with P 0 (x) = 1. Multiplying two sides of (2-22) by β 1 ...β k we obtain
By rescaling P k as Q k = β 1 ...β k P k , the spectral distribution µ under question is characterized by the property of orthonormal polynomials {Q k } defined recurrently by
(for more details see Refs. [8, 22, 23, 24] ).
It should be noticed that, the starting values of the recurrence (2-24) are Q −1 = 0, Q 0 = 1.
If one starts from q −1 = −1, q 0 = 0 and uses the same recurrence (with ω 0 = 1)
then q n is of degree n−1, and by Favard's theorem the different q n 's are orthogonal with respect to some measure. The q n 's are called orthogonal polynomials of the second kind (sometimes for Q n we say that they are of the first kind). They can also be written in the form
(for more details see for example [25] ).
3 Two-point resistances in regular resistor networks A classic problem in electric circuit theory studied by numerous authors over many years, is the computation of the resistance between two nodes in a resistor network (see, e.g., [26] ).
The results obtained in this section show that, there is a close connection between the techniques introduced in section 2 such as Hilbert space of the stratification and the orthogonal polynomials of the first and second kind associated with the networks and electrical concept of resistance between two arbitrary nodes of the networks.
For a given regular network Γ with v vertices and adjacency matrix A, let r ij = r ji be the resistance of the resistor connecting vertices i and j. Hence, the conductance is c ij = r −1 ij = c ji so that c ij = 0 if there is no resistor connecting i and j. Denote the electric potential at the i-th vertex by V i and the net current flowing into the network at the i-th vertex by I i (which is zero if the i-th vertex is not connected to the external world). Since there exist no sinks or sources of current including the external world, we have the constraint
Explicitly, Eq.(3-27) reads
where, V and I are v-vectors whose components are V i and I i , respectively and
is the Laplacian of the graph Γ with
for each vertex α. Hereafter, we will assume that all nonzero resistances are equal to 1, then the off-diagonal elements of −L are precisely those of A, i.e.,
with κ ≡ κ 1 = deg(α), for each vertex α. It should be noticed that, L has eigenvector
(1, 1, ..., 1) t with eigenvalue 0. Therefore, L is not invertible and so we define the psudo-inverse of L as
where, E i is the operator of projection onto the eigenspace of L −1 corresponding to eigenvalue λ i . It has been shown that, the two-point resistances R αβ are given by
This formula may be formally derived using Kirchoff 's laws, and seems to have been long known in the electrical engineering literature, with it appearing in several texts, such as Ref.
[27].
ββ (as we will see in subsection 4.1, for distance-regular graphs as resistor networks, the diagonal entries of L −1 are independent of the vertex, i.e., for all α, β ∈ V , we have L
ββ ). Then, from the relation (3-33) and the fact that L −1 is a real matrix, we can obtain the two-point resistance between the nodes α and β as follows
It should be noticed that, due to the stratification of the network, all of the nodes belonging to the same stratum with respect to the reference node (a node which stratification is done with respect to it), possess the same effective resistance with respect to the reference node (the proof is given in the appendix). More clearly, in order to evaluate the effective resistance between two nodes α and β of a network, we consider one of the nodes, say α, as reference node and stratify the network with respect to α. Then, β will belong to one of the strata with respect to α, say the m-th stratum Γ m (α). Now, for all β ∈ Γ m (α), one can write
where, we have used the equations (2-5) and (2-16) and the lemma given in the appendix.
Then, by using (3-34), we obtain for all β ∈ Γ m (α) can be written as
Now, by using (2-26) and (3-37), we obtain the main result of the paper as follows
We recall that, the result (3-38) can be used only for evaluating the effective resistance between nodes such that the network is symmetric with respect to them in the sense that, stratification of the network with respect to these nodes produces the same strata. Then for such nodes α and β, we will have L −1
ββ .
Examples

Evaluation of effective resistances on distance-regular networks
First, we recall the definition of special kind of pseudo-distance-regular networks called distanceregular networks:
Definition. A pseudo-distance regular network Γ = (V, E) is called distance-regular with diameter d if for all k ∈ {0, 1, ..., d}, and α, β ∈ V with β ∈ Γ k (α), the numbers c k (β), a k (β) and b k (β) defined in (2-7) depend only on k but do not depend on the choice of α and β.
It should be noticed that, in distance-regular networks, the i-th adjacency matrix of the network Γ = (V, R) is defined by
Then, from the definition of A i , for the reference state |φ 0 (|φ 0 = |o , with o ∈ V as reference vertex), we have
Then by using (2-5) and (4-40), we have
Also, it can be shown that, for adjacency matrices of a distance regular graph, we have
Using the recursion relations (4-42), one can show that A i is a polynomial in A 1 of degree i,
i.e., we have [6] ). Now, it should be noticed that, stratification of distance-regular networks will be independent of the choice of the reference node (the node which stratification is done with respect to it). Then, clearly we will have L −1
ββ for all α, β ∈ V with α = β and consequently, the result (3-38) can be used for evaluation of the effective resistance between any two arbitrary nodes α, β; It is sufficient to choose one of these nodes, say α, as reference node and stratify the network with respect to it. Then, β will be contained in one of the strata, say m-th stratum, with respect to α and so the effective resistance between α, β ∈ Γ m (α) can be evaluated via Eq.(3-38).
Cycle network C v
A well known example of distance-regular networks, is the cycle network respectively. Then, by using (2-14), for even v = 2k the QD parameters are given by
where, for odd v = 2k + 1, we obtain
We consider v = 2k (the case v = 2k + 1 can be considered similarly). Then, by using and (4-46), one can obtain
where, T i 's are Chebyshev polynomials in one variable, which are recursively defined by
Then, by using (3-38) and (4-48), the effective resistance between any two nodes α, β ∈ Γ m (α), is obtained as is denoted by η j = λ j + δ i,j , where j = 1, 2, , d + 1 (for more details see [28] , [29] ). Then, one can show that
Also, by using the recursion relations (4-52) one can easily show that the adjacency matrices
where, J is all one matrix) satisfy the following relations
It should be noticed that if we stratify the network with respect to another reference node such as (1100...0), the unit vectors will be obtained as Then, one can show that, the same recursion relations as in (4-52) and (4-53) are satisfied for this stratification, i.e., stratification of the network gives three-term recursion relations independent of the choice of the reference node and so the network is distance-regular. Now, by using the equations (2-15) and (4-52), one can obtain
Then, by using the recursion relations (2-24) and (2-25), one can see that
It should be noticed that, the intersection array of the (d + 1)-simplex fractal with decimation number b = 2, can be evaluated by using (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and (4-55) as:
. Now, by using (3-38) and (4-56), the effective resistance between any node α ∈ V and β ∈ Γ m (α) for m = 1, 2 is given by
.
(4-57)
Hexagon network
Consider the hexagon network with its diameters shown in Fig. 3 . As the figure shows, this network has 6 nodes with intersection array {b 0 , b 1 ; c 1 , c 2 } = {3, 2; 1, 3}. Then by using (2) (3) (4) (5) (6) (7) (8) (9) (10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , one can obtain
Then, by using (2-24) and (4-58), we obtain
Now, by using (3-38) and (4-59), the effective resistance between any node α ∈ V and β ∈ Γ m (α) for m = 1, 2 is given by
A bipartite distance-regular network with 2n nodes
Consider a distance-regular network with 2n nodes and adjacency matrices as
where, J n is an n × n matrix such that all of its entries are one. Then, one can show that
By using (4-42) and (4-62), the intersection array of the network is given by
Then, by using (2-10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , one can obtain
Now, by using (2-24) and (4-63), we obtain
So, by using (3-38) and (4-64), the effective resistance between any node α ∈ V and β ∈ Γ m (α) for m = 1, 2, 3 is given by
. and also with respect to the initial and final (vertical) nodes 6 and 11 ∈ Γ 4 (6). One should notice that stratification of the network with respect to the nodes 1 and 16 produces the same strata. For stratification with respect to the node 1 or 16, we have κ = 4, κ 2 = 6, κ 3 = 4, κ 4 = 1,
(see Eq. (2-13)). Then, by using the recursion relations (2-24) and (2-25), one can obtain
Now, from Eq. (3-38), the effective resistance between nodes 1 and 16 ∈ Γ 4 (1) is given by
In order to evaluate the effective resistance between vertical nodes 6 and 11, one must consider the stratification of the network with respect to the node 6 or 11. For this stratification, we obtain κ = 4, κ 2 = 4, κ 3 = 4, κ 4 = 3.
Then, by using the recursion relations and , one can obtain Then, by using (2-10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , one can obtain κ = 3, κ 2 = 6, κ 3 = 6, κ 4 = 3, κ 5 = 1
The stratification with respect to the initial node 1 and the final node 20 produces the same strata. Therefore, the effective resistance between the nodes 1 and 20 can be evaluated by using the Eq. (3-38). By using the recursion relations (2-24) and (2-25), we obtain (see Eq. (2-13)). Then, by using the recursion relations (2-24) and , one can obtain
Now, from Eq. (3-38), the effective resistance between nodes 1 and 32 ∈ Γ 4 (1) is given by
In order to evaluate the effective resistance between vertical nodes 10 and 23 ∈ Γ 4 (10), one must consider the stratification of the network with respect to the node 10 or 23 and evaluate R 10,23 as before.
A network with 9 nodes
Consider the network given in Fig. 5 with 9 nodes and the following intersection array
Then by using (2-10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , one can obtain
As it can be seen from Fig. 7 , the stratification with respect to the nodes 1 and 9 ∈ Γ 2 (1)
produces the same strata. Then, by using the recursion relations (2-24) and (2-25), one can obtain
Now, from Eq. (3-38), the effective resistance between nodes 1 and 9 ∈ Γ 2 (1) is given by Then by using (2-10) and (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , one can obtain
As it can be seen from Fig. 8 , the stratification with respect to the nodes 1 and 16 ∈ Γ 2 (1)
Now, from Eq. (3-38), the effective resistance between nodes 1 and 16 ∈ Γ 2 (1) is given by
Consider the network with 2(2 m+1 − 1) nodes and the following intersection array
Then, the stratification with respect to the initial node 1 and the final node 2 m+2 − 2 ∈ Γ 1 (1)
produces the same strata. Therefore, from the fact that Q 1 (x) = x and q 1 (x) = 1, the effective resistance between nodes 1 and 2 m+2 − 2 ∈ Γ 1 (1) is obtained as
. (4-78)
Conclusion
Based on the stratification of the pseudo-distance-regular networks and using spectral techniques, the evaluation of the effective resistances on these networks was discussed. It was shown that, in these types of networks, the effective resistances between a node α and all nodes β belonging to the same stratum with respect to the α are the same. Then, an explicit analytical formula for the effective resistance between two nodes α, β of a pseudo-distance-regular resistor network such that L Now, let we denote φ 0 |f (A)|j by x j for j ∈ Γ l (α). Then, from (A-vii) we have
. . 
